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investigation techniques used by the industry such as
destructive mass spectroscopic analysis were complex and
unable to deliver in situ and in real-time information about
the package defects and failure mechanisms.

Abstract—Lifetime reliability of electronics package is important for long term operation of microelectronic devices.
Humidity, temperature and resulting strain are three main
reasons for the failure of a ﬂip-chip semiconductor package.
For these reasons, continuous research effort have been devoted to integrate moisture, temperature and strain sensors
in package performance and failure risk monitoring. We
here demonstrate combined humidity, strain and temperature
sensors based on a carbon nanotube mesh embedded in a
polyimide matrix. We further demonstrate that an array of
micro-humidity(/strain/temperature) sensors can be integrated
at the wafer ﬁnish step of semiconductor chips to provide useful
in-situ real-time information.

To integrate sensors in the ﬂip-chip package and get real
time in situ measurements, well established technologies
like silicon-based piezoresistive [2] or metal foil-based [3]
as strain sensors, aluminium oxide-based [4] or polyimidebased [5] as humidity sensors and transistors or diodes as
temperature sensors are commonly used by the industry.
However, disadvantages like their size, low sensitivity,
lack of positioning ﬂexibility and/or their incompatibility
with existing micro-electronic processes limit their use. For
instance, these sensors cannot be placed close to or under
critical chip structures like ball limiting metallurgy (BLM)
or on the passivation layer between ﬂip chip interconnects.
Moreover, most of them are integrated at the silicon level
taking area used for CMOS and adding complexity in the
design process. Thus, these common sensors cannot be
retroﬁt on an existing product.
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I. I NTRODUCTION
In high-performance semiconductors, the back-endof-line (BEOL) interconnect pitch has been shrinking
for decades following Moore’s law. Steady advances in
very-large-scale integration (VLSI) technology for both
digital and analog devices could never have been achieved
without overcoming various reliability risks in integrated
circuit (IC) chips as well as in packages. In many cases,
such challenges do not reside solely in a package or an
IC chip. Rather, the interaction between the package and
the IC chip is important as the coefﬁcients of thermal
expansion (CTEs) of the silicon die and package materials,
such as plastic molding compounds or organic substrates,
can differ signiﬁcantly. This CTE mismatch induces
thermo-mechanical stresses at the interfaces during thermal
excursions, which can compromise the chip’s structural
integrity. The inﬂuence of the package-induced stress [1]
on the chip is called chip-package interaction (CPI), and
it plays a key role in overall product reliability. Similarly,
moisture absorption by the different materials used can
cause delamination and/or corrosion, which can also affect
overall product reliability. In order to identify the impact of
humidity and temperature in a ﬂip-chip package, previous
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More recently, carbon nanotube/polyimide compositebased sensors have been introduced and represent a
promising alternative for humidity [6], [7], strain [8]–[10]
and temperature [11] sensors. This work will demonstrate
that these sensors can be integrate after the wafer
fabrication and before the assembly process, using common
UV-lithography and spray-coating techniques. We will
show that these sensors are highly sensitive to strain,
temperature or humidity. Moreover, these sensors can be
organized as an array on the passivation layer of the chip,
in order to get the trinomial vector (T, , RH) real-time
distribution, where T is the temperature,  the strain,
and RH the relative humidity. This data can be used to
ease the fundamental understanding of various packaging
defects and failure mechanisms. Such data can also help
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to optimize the package design, the assembly and the test
processes. Furthermore, those sensors can be added to the
package for in-ﬁeld performance and failure risk monitoring.
This article is structured in to four parts. The ﬁrst one
address the prototype fabrication, the second one the characterization of the test sensors and the third one the integration
of the sensors within a test vehicle. Finally, the fourth part
presents the results of the integration process.
II. P ROTOTYPE FABRICATION
A cleaned 520 μm thick (ep ) silicon wafer is used, to
mimic a typical chip. The process steps are the following
ones : a polyimide HD4104 layer is spin coated on
the wafer and cured at 200 o C for 30 min followed by
a curing at 375 o C for 60 min resulting in a 3 μm thickness.

Figure 1: Sensors geometries and parameters deﬁnition.

Multiwall carbon nanotubes, previously functionalized
with carboxyl groups (COOH - MWCNT), are dispersed in
a N-Methyl-2-pyrrolidone solvent (NMP) with a ratio of
1 mg/10 mL, using ultrasound for 20 min. The carbon
nanotube solution is spray coated on the polyimide surface
to cover the wafer. During this step, the wafer is placed on
a hot plate at 220 o C in order to evaporate the solvent. The
thickness of the carbon nanotube mesh deposited can vary
between 400 nm to 700 nm.
As shown in ﬁgure 1, the sensor prototype is composed
of two passive component patterns, a meander and a
rectangular patch characterized by speciﬁc geometric
parameters. The sensor design is deﬁned using a UV
lithography step. A positive resist is used to pattern and
protect the carbon nanotubes to be kept. With an oxygen
based plasma reactive ion etching step, the unprotected
carbon nanotubes are removed. The positive resist is then
stripped with immersion in acetone for 5 min, then cleaned
into isopropanol for 5 min and DI water for 5 min.

Figure 2: Integration process ﬂow showing the principal
fabrication steps of the sensors prototype.
Table I: Summary of the process fabrication steps.

The carbon nanotubes mesh is then encapsulated with
HD4104 polyimide and contact opening to the sensor is
done using UV lithography step. The polyimide is then
cured in a furnace.
A 700 nm layer of titanium, or titanium tungsten, compatible with CNT’s is used as contact electrodes, in order
to provide an adequate electrical contacts to the passive
sensor [12]. The metal layer has to be thicker than the
COOH - MWCNT layer in order to get non-rectifying electrical
contact. For these tests vehicules, the electrodes are covered
with a 150 nm layer of gold to avoid any oxidation of the
contact surface. Figure 2 associated with table I resumes
the fabrication steps of the prototype and ﬁgure 3 shows an
optical microscope picture of a prototype sensor.

Step
1
1.5
2
2.5

Materials
Silicon
Si3 N4
Polyimide
Aluminium

Thickness
520 μm
200 nm
3 μm
300 nm

3
4
5
6

Carbon nanotubes
Polyimide
Ti or TiW + Au
Polyimide

400-700 nm
3 μm
700 nm + 150 nm
3 μm

Objective
Chip
Isolation
Passivation layer
Conductor layer
BLM to sensors
Sensors
Protective layer
Contact pads
Isolation

III. C HARACTERIZATION
Before integration the sensors on a test vehicle chip,
prototype sensors are fabricated using the process describe
in section II and characterized individually.
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Figure 3: Optical microscope picture of the fabricated prototype. (1) is the electrode, (2) the meander part of the sensor,
(3) the patch part of the sensor, (4) the connection area
between carbon nanotubes and contact electrode.

Figure 4: Graphics showing the temperature applied as a
function of time and the impedance modulus measured at 1
kHz of a patch sensor.

The ohmic contact quality is ﬁrst tested using a fourpoint probe. Then, cables are added to connect the sensor
contact pads to coaxial cables. The response of each sensor
to humidity, strain or temperature is characterized by the
impedance modulus (|Z|) of the sensor. The response is
measured with an impedance analyser Keysight E4990A.

fulcrum at the center of the ﬁxture (ﬁgures 6 and 7). During
the test, the sensor is under an ambient temperature of 25
o
C and a humidity of 40-50 %RH. A force (F) is applied
on the sensor prototype silicon substrate face from 0.1 N to
10 N using a ramp with a speed of 0.04 N/s (ﬁgure 8). The
strain () is calculated using equation 1, where wp = 1.8 to
2 cm is the prototype width (ﬁgure 2), and ep = 520 μm
the prototype thickness. For the range of forces applied, the
strain varies from 0 to 400 ppm. Again as shown on ﬁgure
8, the impedance modulus of the sensor follows the change
in strains applied to the sensor.

A. Temperature measurement
The sensor is placed into a Climats Excal 1411-HE
chamber in which the air temperature of the air applied is
increased by steps from -40 o C to 140 o C. A polyimide
test board resistant to high temperature is used to connect
wires from the sensor to coaxial cables also resistant to high
temperatures (ﬁgure 6). Careful attention is taken not to
induce any stress to the sensors during this experiment. The
sensor response is observed by increasing the temperature
by 20 o C every 20 min (ﬁgure 4). As we can observe on
ﬁgure 4, the impedance modulus of the sensor follows the
temperature change in the chamber.

=

3F (Lf − lf )
2Ewp e2p

(1)

IV. I NTEGRATION ON CHIP
Figure 9 shows the proposed integrations scheme of 100
sensors disposed in array on a 2 cm x 2 cm chip. For each
coordinates (Xi , Yj ), the trinomial vector (T, RH, ) can be
extracted.

B. Humidity measurement
Using the same setup, the relative humidity is increased
in steps from 30 %RH to 100 %RH at 25 o C. The sensor
placed in the chamber is stress-free, as for temperature
measurements. The response of the impedance is observed
by increasing the relative humidity by 10 % every 20 min
(ﬁgure 5). As shown ﬁgure 5, the impedance modulus of
the sensor follows the change of the ambient humidity in
the chamber.

The fabrication process of such a test vehicle is very similar to that of prototypes described in the section II but with
three additional steps (ﬁgure 10 and table I). Firstly a 200
nm silicon nitride layer is added between the bare silicon
wafer and the polyimide layer to mimic a typical integrated
circuit ﬁnal passivation layer. Secondly, before the carbon
nanotubes spray coating step, aluminium interconnection
lines are patterned between the contact pads of the sensors
and the chip BLM’s, with a standard photolithography and
metal etch process. A ﬁnal passivation layer using HD4104
polyimide is used to electrically isolate the contact pads.
In this example, the sensors can be externally probe via

C. Low strain measurement
The sensor strain response is evaluated using an Instron
5565 four-point bend test setup as shown on ﬁgure 6. The
prototype is placed face down between the upper and bottom
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Figure 5: Graphics showing the relative humidity applied as
a function of time and the impedance modulus at 1 kHz of
a meander sensor.

Figure 8: Graphics showing the force applied as a function
of time and the impedance modulus measured at 10 kHz of
a meander sensor.

Figure 9: Sensors placement on the chip in order to get for
each emplacement (T, RH, ).
Figure 6: Picture of the four-point bend test. (1) coaxial
cables, (2) sensor’s wires, (3) test board, (4) prototype.

available C4-BGA nets on the laminate side after ﬁnal
assembly. Figure 11 shows an optical microscope picture of
an integrated meander and patch sensor with their respective
aluminum interconnection lines and titanium contact pads.
The latest provide compatibility and adequate electrical
contact between the carbon nanotubes and the aluminum
interconnection lines.

V. R ESULTS
Figures 12 to 14 present the temperature, humidity and
strain responses of a patch and meander sensor. The patch
sensor geometry is 10 μm length (L), 100 μm width (w) and
400 to 700 nm thick (ep ). For the meander, the dimensions
are 150 μm length (l), 4 bridges (N), 4 μm width (wM ), 2
μm line space (sM ), and 400 to 700 nm thick (ep ).

Figure 7: Schematic of the four-point bend test. L distance
between the two bottom fulcrums, l distance between the
two top fulcrums.
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Figure 12: Impedance modulus measured at 1 kHz of the
patch sensor as a function of the temperature.
with Tmin = −36 o C.
|Z(Tmax )| − |Z(Tmin )|
ΔT
B. Humidity measurements
sT =

Figure 10: Schematic showing the steps of the sensors within
the test vehicle.

(2)

Figure 13 shows the humidity response of the meander
sensor measured at a frequency of 1 kHz. As for the
temperature response, the humidity response is linear and
the sensitivity to moisture of the sensor with regards to
humidity, sRH , as deﬁned by equation 3, is -696 Ω/%RH,
where |Z(RHmin )| = 266 kΩ and RHmin = 30 %.
|Z(RHmax )| − |Z(RHmin )|
Δ%RH
C. Strain measurements
sRH =

(3)

Figure 14 shows the strain response of the meander sensor
measured at a frequency of 2 kHz. The response is linear
over the entire strain range of 0 to 500 ppm. The sensitivity
of the strain gauge s can be deﬁned as the ratio of relative
change in impedance to the mechanical strain (equation 4).
The sensitivity of the strain sensor is 25 for strains below
500 ppm.

Figure 11: Microscope picture of an integrated sensor at
the ﬁnal step. (1) contact pads in titanium, (2) meander, (3)
patch, (4) examples of BLM openings in polyimide and (5)
aluminium connection.

s =

|Z(max )| − |Z(min )| 1
|Z(min )|
Δ

(4)

The proposed sensor allows to measure the strain,
relative humidity and temperature with the same sensor. A
simple signal treatment is required to decouple the different
responses, and hence, to have (, RH, T) at a given position
of a chip.

A. Temperature measurements
Figure 12 shows the temperature response of the patch
sensor measured at a frequency of 1 kHz. As the temperature
response is linear, the sensitivity sT can be deﬁned as the
ratio of the variation of the impedance modulus and the
variation of temperature (equation 2). The sensitivity of the
temperature sensor is -290 Ω/o C, and |Z(Tmin )| = 128 kΩ

Four prototypes were tested within the framework of
this study. As expected for a prototyping phase, there is a
dispersion in the sensors impedance modulus (at ambient
conditions and no charge applied) and the sensor sensitivity.
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Table II: Normalized sensitivity comparison of different
sensors technologies [3], [5], [13].
Technology
Diodes
Polyimide
Si-based piezoresistive
Foil-based
Proposed sensor

sT,n
[10−3 /o C]
2 to 3

sRH,n
[10−3 /%RH]

s

1.8

-2.5

-4

150 to 200
2 to 4
25

with the proposed sensors. The proposed sensors based on
carbon nanotubes embedded in polyimide provide a better
or similar sensitivity to alternate technologies with the clear
advantage of ease of integration at the packaging level.
VI. C ONCLUSION
We proposed in this work a fabrication process for highly
sensitive sensors to strains, to humidity and to temperature.
A sensitivity greater than 25 for extremely low strains
value below 500 ppm has been demonstrated. For humidity
and temperature a sensitivity of −696 Ω/%RH and −290
Ω/o C, respectively, have been shown. These sensitivities are
in the range of best sensors based on literature. Furthermore, our technology allows to measure the strain, relative
humidity and temperature with the same sensor using simple
signal treatment to decouple the different responses, and
hence, to have (, RH, T) at a given position of a chip. The
fabrication process is compatible with existing wafer backend-of-line (BEOL) processing and the resulting sensors are
adapted to temperatures, humidity and strain measurements
in the packaging assembly process and reliability testing
environments. We succeeded with the integration of the
sensors on a test vehicle chip. This chip will be integrated in
future work into a package enabling thorough in situ stress
and moisture absorption-desorption studies during bond and
assembly and reliability testing.

Figure 13: Impedance modulus measured at 1 kHz of the
meander sensor as a function of the relative humidity.

Figure 14: Relative change in impedance modulus measured
at 2 kHz of the meander sensor as a function of the strain.
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However, for each sensor, the behavior described above is
the same. This dispersion may be attributed to a variation
in the density of carbon nanotubes in the fabricated sensors.
It is envisioned, that a transition from prototyping to mass
production will provide a more reproducible process, which
will reduce such dispersion. However, an initial calibration
step of the sensors is recommended.
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